A methyltransferase which utilizes 3-hydroxyanthranilic acid (HAA) as a substrate was identified in detergent-treated extracts of the bacterium Streptomyces antibioticus. Much information regarding the enzymology of actinomycin biosynthesis has also been adduced. Phenoxazinone synthase (PHS) catalyzes the oxidative condensation of o-aminophenols and is thought to be involved in the synthesis of the actinomycin chromophore, actinocin, at least in Streptomyces antibioticus. The enzyme was first identified in S. antibioticus extracts by Katz and Weissbach (8) and has been purified to homogeneity in my laboratory (3). The gene for the 88,000-Mr PHS subunit has been cloned and used as a probe to study PHS regulation in S. antibioticus and in other streptomycetes (5-7). Keller et al. (11, 12) have reported the characterization of an enzyme in Streptomyces chrysomallus which activates MHA for its subsequent participation in the polymerization reactions leading to the synthesis of MHA pentapeptides and of enzymes which modify and polymerize the amino acids in the pentapeptide chains.
The actinomycins are a family of chromopeptide antibiotics, differing only in the amino acids present in the pentapeptide chains, which are elaborated by certain members of the genus Streptomyces (18) . It is known that tryptophan is the precursor of the phenoxazinone chromophore of actinomycin, and the precursors of the amino acids of the pentapeptide chains have also been identified (9, 13, 15) . Troost and Katz (17) provided convincing evidence for the involvement of 4-methyl-3-hydroxyanthranilic acid (MHA) as an intermediate in the biosynthetic pathway, and Keller (10) has recently demonstrated that structural analogs of MHA when fed to actinomycin-producing streptomycetes caused the accumulation of analogs of MHA pentapeptide lactones.
Much information regarding the enzymology of actinomycin biosynthesis has also been adduced. Phenoxazinone synthase (PHS) catalyzes the oxidative condensation of o-aminophenols and is thought to be involved in the synthesis of the actinomycin chromophore, actinocin, at least in Streptomyces antibioticus. The enzyme was first identified in S. antibioticus extracts by Katz and Weissbach (8) and has been purified to homogeneity in my laboratory (3) . The gene for the 88,000-Mr PHS subunit has been cloned and used as a probe to study PHS regulation in S. antibioticus and in other streptomycetes (5-7). Keller et al. (11, 12) have reported the characterization of an enzyme in Streptomyces chrysomallus which activates MHA for its subsequent participation in the polymerization reactions leading to the synthesis of MHA pentapeptides and of enzymes which modify and polymerize the amino acids in the pentapeptide chains.
The present report describes the characterization of another enzyme which is apparently involved in the biosynthesis of actinomycin, a methyltransferase which catalyzes the conversion of 3-hydroxyanthranilic acid (HAA) to MHA. The reaction involved and a portion of the putative pathway for actinomycin biosynthesis are shown in Fig. 1 . Growth of organisms and preparation of cell extracts. S. antibioticus IMRU3720 was grown as described previously (4) . After 48 h in NZ-amine medium (Sheffield Chemical Co., Norwich, N.Y.), the mycelium was washed and transferred to 500 ml of galactose-glutamic acid medium and grown for 36 to 40 additional hours. Mycelium was harvested by suction filtration and washed as described previously (3) .
MATERIALS AND METHODS

Radioisotopes
The washed mycelium was suspended in six times its weight of 50 mM sodium phosphate buffer (pH 6) containing 1 mM phenylmethylsulfonyl fluoride. The The dried reaction products were dissolved in a minimal volume of methanol and brought to 50 mM sodium phosphate (pH 7) and to a total volume of 3 ml with distilled water. The solution was applied to a column (1.2 by 22 cm) of Dowex 1-X8 (100/200 mesh), equilibrated with 0.05 M acetic acid (17, 19) . The column was washed successively with 0.05, 2, and 6 M acetic acid at a flow rate of 1 ml/min. Fractions (2 ml) were collected, and 0.1-ml samples of each fraction were analyzed by liquid scintillation counting. To prepare samples for paper and thin-layer chromatography, radioactive fractions were pooled as appropriate (see Fig. 2 ) and lyophilized. The lyophilized fractions were dissolved in a minimal volume of methanol, the methanol concentration was reduced to 30% by the addition of distilled water, and the samples were again lyophilized in Eppendorf tubes.
The final samples were dissolved in 30 RI of methanol and centrifuged for 5 min in an Eppendorf centrifuge, and portions of the supernatants were analyzed by ascending paper chromatography on Whatman 3MM filter paper with 1-butanol-acetic acid-water (4:1:5, vol/vol/vol, upper phase, solvent 1) or methanol-water-pyridine (4:1:2, vol/vol/vol, solvent 2). After chromatography, chromatograms were dried and cut into 1-cm strips, and the radioactivity in each strip was measured by liquid scintillation counting. Thinlayer chromatography was performed on silica gel plates with chloroform-glacial acetic acid (9:1, vol/vol, solvent 3) as the solvent. In all chromatographic experiments, HAA and MHA were run as standards, and in the thin-layer experiments, the MHA spots were visualized by UV illumination of the plates, excised, and examined by liquid scintillation counting.
RESULTS
Identification of methyltransferase activity. In initial experiments, French press extracts of 36-to 40-h S. antibioticus mycelium prepared without detergent treatment were fractionated by centrifugation at 12,000 x g, and the methyltransferase assay was performed on the supernatant fraction and on the resuspended 12,000 x g pellet. In some experiments it was observed that the bulk of the methyltransferase activity could be recovered in the supernatant fraction, while in others the activity appeared to partition preferentially into the resuspended pellet. These observations suggested that the methyltransferase was membrane associated intracellularly and that, depending on the vigor with which the mycelium was disrupted, it could be released from the membranes into the soluble fraction of the mycelial extract.
To attempt to recover all of the activity in the soluble phase, we treated mycelium, disrupted as described in Materials and Methods, with DNase and with the nonionic detergent NP-40 before centrifugation. This treatment did result in the solubilization of the methyltransferase activity. The pellet obtained after centrifugation of NP-40-treated extracts was essentially inactive in the enzyme assay.
The basic properties of the methyltransferase system may be summarized as follows. In the complete reaction system (see Materials and Methods), approximately 75 pmol of methyl groups was transferred in 1 h to HAA. No activity was observed in the absence of enzyme. Boiling the extract abolished 98% of the methyltransferase activity. Some activity was observed in the absence of added HAA. It is possible that this activity reflects the presence in the mycelial extracts of endogenous substrate for the methyltransferase. It is noteworthy that HK is not a substrate for the enzyme (see below).
Some properties of the methyltransferase reaction. The extent of the methyltransferase reaction was dependent on the concentration of extract in reaction mixtures, and the amount of product formed was proportional to extract concentrations of up to 5 mg of protein per ml and to HAA concentrations of up to 2 mM (data not shown). There was a lag period of about 30 min before linear product formation was observed, and linearity was maintained for an additional 40 to 60 min at 30°C (data not shown). The methyltransferase was active over a pH range of 6 to 9, and maximal activity was obtained in sodium phosphate buffers between pH 6 and 7. In Tris buffers, the enzyme was maximally active between pH 7 and 8, while much lower activity was observed in imidazole buffers over the pH range (6 to 7) examined. The enzyme was essentially inactive in HEPES (N-hydroxyethylpiperazine-N'-ethanesulfonic acid) (data not shown).
In crude extracts, the enzyme was quite stable at -70°C and could be frozen and thawed several times without appreciable loss of activity.
Analysis of products of the methyltransferase reaction. To examine the products of the methyltransferase reaction, we prepared 12-ml reaction mixtures as described in Materials and Methods. After a 2-h incubation, radioactive products were extracted from the mixtures, concentrated, and fractionated by chromatography on Dowex 1. Results of a typical chromatographic analysis are shown in Fig. 2 . It can be seen that radioactive products were eluted at each of the three acetic acid concentrations used in the experiment. Previous studies have demonstrated that MHA is eluted from Dowex 1 by 6 M acetic acid (17, 19) .
Fractions from the Dowex column were pooled as indicated in Fig. 2 and concentrated by lyophilization. The final concentrates were suspended in a small volume of methanol, and insoluble material was removed by brief centrifugation. Samples of the supernatants were analyzed by paper and thin-layer chromatography. In initial experiments, all five fractions indicated in Fig. 2 were examined chromatographically. It was observed, however, that the radioactive products in fractions I through IV migrated with a mfobility which was less than that of MHA in each of the three solvent systems which were utilized. These four fractions were not analyzed further, and the nature of the radioactive materials recovered in each is not known. A suggestion as to their possible identity is provided below. Figure 3 shows the results of paper chromatography of the radioactive material recovered in fraction V of Fig. 2 . In both the solvent systems utilized in this study, the bulk of the radioactivity in that fraction migrated with a mobility identical to that of MHA. The material in fraction V was also examined by thin-layer chromatography. In these experiments, carrier MHA was applied to the plates along with the radioactive material to be analyzed. After the chromatograms were developed in solvent 3 and dried, the MHA spots were located by UV illumination and the regions containing those spots were scraped from the plates. The silica gel fragments were analyzed by liquid scintillation counting. In two separate experiments, 3,450 and 1,940 cpm were applied to thin-layer plates and 308 and 168 cpm, respectively, were recovered in the MHA spot. In other experiments, radioactive material from fraction 5 was reacted with PHS. Thinlayer analysis of the products of this reaction indicated the conversion of the radioactive substrate to a compound which had the chromatographic mobility of actinocin (G. H. Jones, submitted for publication). Actinocin is the product which should result from the PHS-catalyzed condensation of two molecules of MHA. Taken together, these results provide evidence for the conclusion that at least one of the products of the methyltransferase reaction described in this report is MHA.
DISCUSSION
The data presented above provide evidence for the presence in S. antibioticus of an enzyme which catalyzes the conversion, via a methyl transfer reaction, of HAA to MHA. While the direct role of this enzyme in actinomycin biosynthesis has not been demonstrated, there is strong evidence for the involvement of MHA as an intermediate in the biosynthetic pathway (10, 12, 17) . Katz and co-workers (2, 16) have characterized several enzymes in the tryptophan catabolic pathway which participate in the conversion of that amino acid to the aromatic precursors of the actinomycin molecule. The identification of the methyltransferase described in the present report brings to at least five the number of characterized enzymes which have been implicated in the reaction scheme leading from HAA to actinomycin (Fig. 1) .
It is interesting that the solubilization of the methyltransferase activity required the treatment of the mycelial extracts with NP-40. This observation suggests that the enzyme is associated with the membrane in vivo. It is important to note in this regard that the enzyme PHS, although found in the soluble fraction after disruption of S. antibioticus mycelium (3), appears to be localized at the cell surface in vivo (unpublished observations). Actinomycin is excreted very efficiently from the mycelium of producing cultures, so it is reasonable to envision the association with the membrane of the enzymes which participate in its synthesis.
The data provided above indicate that HAA is the preferred substrate for the methyltransferase and that HK is not an active substrate. This result is especially significant in view of the report of Perlman et al. (14) that chemically synthesized 4-methyl-3-hydroxykynurenine inhibited the incorporation by S. antibioticus of labeled tryptophan into actinomycin and stimulated the incorporation of other precursors into the antibiotic. These workers did find, however, that MHA and HAA exhibited the same effects. It is likely, therefore, that HK is not the in vivo substrate in the methyl transfer reaction and that the results of Perlman et al. (14) reflect the in vivo conversion of4-methyl-3-hydroxykynurenine to MHA. As was mentioned previously, several radioactive fractions were obtained after Dowex chromatography of ethyl acetate extracts of methyltransferase reaction mixtures (Fig.  2) . However, only fraction V was shown to contain radioactive MHA (Fig. 3 and Results). Assuming that the initial and major product of the methyltransferase reaction is MHA, it is possible that these other products are formed as a result of the nonenzymatic oxidative condensation of MHA (or derivatives thereof which may be formed by the crude extracts) to produce actinocin (and, perhaps, derivatives of it). If this hypothesis is correct, it might explain the observations that, even in fraction V, no more than 50% of the radioactivity applied to chromatograms was recovered in the MHA peak (lower apparent recoveries from thin-layer chromatograms may be due to quenching by the silica gel) and that the percentage is even lower when the Dowex fractions are concentrated by rotary evaporation at elevated temperature, rather than by lyophilization (unpublished observations). It seems possible that during the preparation of the Dowex-fractionated material for chromatography, conversion of MHA to actinocin (and derivatives) occurs by nonenzymatic means. The nonenzymatic oxidation of HAA and MHA to the appropriate chromophores has been frequently observed in my laboratory (unpublished observations).
A description of the purification of the methyltransferase and of the properties of the purified enzyme will be provided in a subsequent publication.
